In order to validate the grid erosion evaluation code for the lifetime validation of ion thrusters, the electron number density/temperature in the vicinity of a screen gird in a 30 W class microwave discharge ion thruster were measured by means of laser Thomson scattering (LTS) technique. A photon counting method and a triple grating spectrometer were used against a small Thomson scattering signal and a strong stray laser light. Observed Thomson scattering spectrum tells that the electron energy distribution function was Maxwellian. From this spectrum and the Rayleigh scattering calibration using nitrogen gas, electron number density and electron temperature were calculated to be (3.8±0.2)×10 17 m -3 and 6.2±0.1 eV, respectively at incident microwave power of 8 W and krypton mass flow rate of 6.2 μg/s. The ion saturation currents estimated from the LTS measurement are in good agreement with ion beam currents through the screen grid for several conditions. These results show that LTS technique is a useful non-intrusive tool for measuring plasma property in the vicinity of the screen grid.
Introduction
Measurement of plasma property in the vicinity of the screen grid is essential for the development of an ion thruster. Since plasma properties, electron number density and electron energy distribution function (EEDF) are useful for designing a grid system. Furthermore, this information will play an important role in the validation of numerical models for lifetime estimation 1) . There have been many studies to measure plasma property inside the discharge chamber 2) and these results contributed to the development of ion thrusters. However, it has been difficult to measure the plasma properties in the vicinity of the screen grid without disturbance by means of intrusive method, such as electrostatic probes. So, non-intrusive method is needed for the measurement of the plasma property in this region. Therefore, the aim of this study is to measure plasma property in the vicinity of the screen grid by laser Thomson scattering (LTS) 3) technique. LTS is a nonintrusive method for a measurement of plasma properties. In the incoherent regime, the scattered spectrum reflects the Doppler motion of individual electrons, and the scattered intensity is proportional to electron number density 4) . This method was developed to measure plasma properties in high temperature plasma having N e > 10 19 m -3 . During the last decade, its applicability has been extended to lower density plasma, with densities of less than 10 16 m -3 , by a signal accumulation technique 5) . This technique allows us to apply LTS to the plasma produced in the discharge chamber of ion thrashers.
Experimental Equipment

Microwave discharge ion thruster
The cross section of a 30 W class miniature microwave discharge ion thruster is shown in Fig. 1 . The inner diameter of the discharge chamber is 21 mm and the size of the thruster is 50 mm×50 mm×30 mm. The ion source consists of an antenna and a magnetic circuit, which is made up of several samarium cobalt (Sm-Co) permanent magnets and iron yokes. The magnetic field strength inside the discharge chamber can be changed by changing the number of the permanent magnets. The magnetic mirrors are located at the tip of a front yoke and Microwave power at 2.45 GHz is fed through a coaxial line and into the antenna. A DC block with a loss of 0.43 dB at 2.45 GHz was inserted to protect the microwave amplifier. A star-shape antenna is used, since it showed good performance in previous studies 6) . The antenna is inscribed in a 9 mm diameter circle and is made of molybdenum. The thickness of the antenna is 1 mm. Flat square grids were used to extract the ion beam. The geometric parameters are shown in Table 1 . This geometry was designed using a numerical analysis code developed by Arakawa et al 7) . The grid is made of pyrolytic carbon and ceramic insulators are used as an isolator between the three grids. The gap between the grids is 0.5 mm and the ion beam diameter is 12 mm. The screen grid and ion source were biased to +1,200 V with respect to ground and the acceleration grid was set to -200 V. The extracted ion beam was estimated as the current through the screen power supply minus the current through the accelerator power supply. The validity of this method was shown in our previous study 8) . A neutralizer was not used in this study, as there is little difference between the extracted ion beam current without a neutralizer and that with a filament neutralizer (φ= 0.2 mm×100 mm, 2% thoriated tungsten) 9) . In this study, krypton, rather than xenon, is used as a propellant gas. A previous study showed that the laser induced some perturbation on the xenon plasma 10) . This is due to photo-ionization of excited xenon atoms; xenon atoms at the excited state (ionization potential 12.1 eV) are ionized by the laser (wavelength 532 nm and photon energy 2.3 eV), while no effect is observed for krypton plasma. A thermal mass flow controller was used. The flow rate error is less than 5% for most of the conditions. A 0.3 m diameter by 0.4 m long vacuum chamber was used in the experiments. The pumping system comprised a turbo molecular pump. The background pressure was maintained below 5.0 × 10 -2 Pa for most of the operating conditions. Figure 2 shows the experimental setup for LTS measurements on the miniature microwave discharge ion thruster. The scattering light inside the discharge chamber is collected through a hole (φ=3 mm) and the laser beam go pass through two small holes (φ= 2 mm). The φ= 3 mm hole is positioned at an angle of 90 degree to the laser pass.
LTS setup
The light source is the second harmonic beam of an Nd:YAG laser having a wavelength of 532 nm with an energy of 180 mJ, a repetition rate of 10 Hz, a pulse width of 6 ns and a beam divergence of 0.6 mrad. The measurement point is 2 mm upstream of the screen grid on the thruster axis (z axis). The laser beam is focused through a focusing lens (f=300 mm). The size of the focal spot was estimated as 80 μm in diameter, by observing the spatial profile of Rayleigh scattering from 40 kPa air gas. Scattered light from the plasma is focused onto the entrance slit of the triple grating spectrometer (TGS) with two achromatic lenses of f = 350 mm and f = 250 mm. The slit width is 200 μm. The scattering volume is 0.08×0.08×2 mm 3 , as determined by the laser beam size, the slit width and the slit height, respectively. The solid angle of observation is about 0.025 sr. Strong stray light is generated from the surface of the components, due to the small size of discharge chamber, and the LTS signals are overwhelmed by it. In order to reduce stray light, the discharge chamber wall was made of carbon and TGS was used. The scattered light is dispersed by passing through the TGS, and is detected by an Intensified Charge Coupled Device (ICCD) camera. The TGS used in this experiment could reduce stray light around 10 -8 at the wavelength of 2 nm from the probing laser, where the LTS signal is observed.
The estimated Thomson scattered photon number is so small that we used a photon counting method. The detected Thomson scattered signals were analyzed by a photon counting mode after more than 5000 laser shots had been accumulated. The data accumulation process technique, taking advantage of the DC or repetitive operation of some discharges, was first suggested for lowering the limiting electron densities by Sakoda et al. 11) . We count photons for two conditions at each condition, condition 1; with plasma and laser and condition 2; plasma without laser. We also count photons for the condition 3; laser without plasma. We evaluate actual LTS signal by subtracting the number of photons obtained for condition 2 and 3 from the number of photons obtained for condition 1. The center of the profile was cut by Rayleigh block, which eliminate the strong stray light. From the shape of the Thomson spectrum, we conclude that the electron energy distribution function was Maxwellian. This result shows flux tube model can be used to simulate ion beam trajectory for the ion engine grid erosion evaluation code; calculation cost is much lower than that by Full Particle in Cell (PIC) model. Because Miyasaka et. al 12) shows there is no difference between the numerical results using full-Particle In Cell (PIC) model 13) and that using flux tube model 14, 15) , if EEDF in the vicinity of the screen grid is Maxwellian.
Results and Discussion
From this spectrum and the Rayleigh scattering calibration using nitrogen gas, N e and T e were calculated to be (3.8±0.2)×10 17 m-3 and 6.2±0.1 eV, respectively. The experimental uncertainty for each point was determined primarily by the statistical fluctuation in the number of detected photons 16) . The ion saturation current from this result is estimated as 4.9 mA, which is equal to the ion beam current through the screen grid of 4.9 mA.
Ion saturation current was estimated as follows. According to the Bohm sheath criterion, the velocity of an ion from the plasma into the ion sheath on a grid is assumed to be Bohm velocity, V B , expressed as follows. Given that N e in the bulk plasma decreases by a factor of exp (-1/2) at the point where the ion velocity reaches V B , the ion beam saturation current is evaluated as below. The good agreement of ion saturation current with the ion beam current through screen grid shows that LTS technique is useful and tool for the measurement of plasma property. Figure 4 shows the relation between plasma parameters (electron number density and temperature) and incident microwave power at m & =9.3 μg/s and V b = 1200 V and V a = -200 V. The number density is linearly increased with incident microwave power; the electron temperature is almost constant. The increase in N e at the vicinity of the screen grid would be due to the increase in N e in the region between magnetic mirrors (between the front yoke and the central yoke), where ionization occurs 17) . On the other hand, electrons lose energy while diffusion from the ionization region to the measurement point, so the electron temperature at the measurement point remains almost constant. Therefore, the ion beam current increase with increase in P i α is a constant. This is because the chance of the ionization is increased with the number density of neutral atoms in the discharge chamber; the neutral atom number density is proportional to pressure inside the discharge chamber and this is proportional to {1-exp [α (1-η u ) m & ]}. The increase in N e at the vicinity of the screen grid would be due to the increase in N e in the discharge chamber; N e in the discharge chamber with increase in m & is due to the increase in pressure in the discharge chamber 17) as above mentioned. Therefore, the ion beam current increase with increase in m & 19) . The reason that T e is slightly decreased with increase in m & is that the mean free path of the electrons is shortened with the increase in m & , which leads the increase in the pressure inside the discharge chamber. The decrease in the mean free path leads to the reduction in the chance that electrons will go through the ECR layer while collision; electrons receive less energy from the microwaves and this leads to the decrease in T e . Table 2 shows ion saturation current deduced from LTS measurement and ion beam current through the screen grid for several conditions. We assumed isotropic EEDF, since measurement point is not sheath region and the magnetic field strength at measurement point is not so strong(less than 10 mT). The estimated ion saturation currents deduced from LTS are in good agreement with ion beam currents through the screen grid on the almost all the conditions. Though the estimated ion saturation current is larger than ion beam current at most of the conditions, it would be due to the lack of uniformity of the plasma property; we assume each ion beam current through the hole is equal, but the current through the center holes would be larger than that through the others. Since the center hole is further from the wall than the other holes, the effect of loss on the wall is less than the others.
Summary
The LTS technique presented here contributes to improve the accuracy of a lifetime evaluation numerical code. The LTS technique allows non-intrusive, quantitative measurements of plasma number density and electron energy distribution function. In comparison to electrostatic probe diagnostics, the use of LTS technique is attractive since plasma property in the ion thruster with beam extraction can be directly measured without perturbation of the plasma. The demonstrated LTS probes the electron number density and EEDF in the 30 W class microwave discharge ion thruster. A photon counting method and a triple grating spectrometer were used against a small Thomson scattering signal and a strong stray laser light. As a detector, ICCD camera was used, this contributes to the reduction of the measurement period; the measurement period is 1/10 times less than that using a photomultiplier tube as a detector.
The observed Thomson scattering spectra tell the EEDF of the plasma in the vicinity of the screen grid is Maxwellian. These results ensure that flux tube model can be used for ion beam trajectory simulation for the ion engine grid erosion evaluation code.
The estimated ion saturation currents are in good agreement with the ion beam currents through screen grid holes. These results show that LTS technique is useful and validate tool for the measurement of plasma property and contribute to improve the accuracy of erosion evaluation code.
We have made a study on the dependence of plasma property on incident microwave power and found a relatively linear dependence. We also investigated the dependence of the number density on mass flow rate. The dependencies of the plasma parameter on operational parameters are useful to design the grid system of the ion thruster. 
